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Abstract
The inferior olive (IO) has among the highest densities of neuronal gap junctions in the nervous system. These gap junctions
are proposed to be the underlying mechanism for generating synchronous Purkinje cell complex spike (CS) activity. Gap
junctions between neurons are formed mostly by connexin36 proteins. Thus, the connexin36 knockout (Cx36KO) mouse
provides an opportunity to test whether gap junction coupling between IO neurons is the basis of CS synchrony. Multiple
electrode recordings of crus 2 CSs were obtained from wildtype (Wt) and Cx36KO mice. Wts showed statistically
significant levels of CS synchrony, with the same spatial distribution as has been reported for other species: high CS
synchrony levels occurred mostly among Purkinje cells within the same parasagittally-oriented cortical strip. In contrast, in
Cx36KOs, synchrony was at chance levels and had no preferential spatial orientation, supporting the gap junction
hypothesis. CS firing rates for Cx36KOs were significantly lower than for Wts, suggesting that electrical coupling is an
important determinant of IO excitability. Rhythmic CS activity was present in both Wt and Cx36KOs, suggesting that
individual IO cells can act as intrinsic oscillators. In addition, the climbing fiber reflex was absent in the Cx36KOs,
validating its use as a tool for assessing electrical coupling of IO neurons. Zebrin II staining and anterograde tracing showed
that cerebellar cortical organization and the topography of the olivocerebellar projection are normal in the Cx36KO. Thus,
the differences in CS activity between Wts and Cx36KOs likely reflect the loss of electrical coupling of IO cells.
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Introduction

Gap junctions are the physical substrate for electrical

synaptic transmission (1). One of the first areas in

the mammalian CNS where neuronal gap junctions

and electrical coupling of neurons was demonstrated

was the inferior olive (IO) (2,3). These initial

findings led to the hypotheses that gap junctions

between IO neurons served to underlie synchronous

activity in the olivocerebellar system, and that such

activity was critical to the role of this system in motor

coordination. Consistent with these hypotheses,

synchronized olivocerebellar activity has been

observed both in the IO itself (4,5) and in the

cerebellar cortex, as synchronous Purkinje cell

complex spike (CS) activity (6–8), and patterns of

synchronous CS activity have been associated with

movements (9,10).

Evidence consistent with the gap junction hypoth-

esis of synchronous CS activity has also been

obtained. IO neurons were demonstrated to be

electrically coupled, both in vivo and in vitro, and

to display synchronized subthreshold oscillations

(3,4,11). Furthermore, the synchronization and

regularity of these oscillations are sensitive to the

level of gap junction coupling of IO neurons (5,12).

However, whether such synchronous subthreshold

oscillatory activity is the basis of CS synchrony

remains to be established. In fact, there are argu-

ments why it may not. For example, after cerebellar

nuclear lesions, CS activity is highly synchronous

but non-rhythmic (at least no evidence of any

rhythmicity is present in autocorrelograms) (13).

Pharmacological studies also provide indirect sup-

port for the gap junction hypothesis. Synchronous

CS activity remains following block of both excita-

tory (glutamatergic) and inhibitory (GABAergic)

synaptic transmission within the IO (13–15), and

disappears following the injection of carbenoxolone,

a non-specific gap junction blocker, into the IO (16).

While these results are strong evidence in favor of

the gap junction hypothesis, they are not necessarily
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definitive. For example, carbenoxolone is not highly

specific, as it blocks glial as well as neuronal gap

junctions, and can affect other ionic membrane

conductances.

Because of these questions, here we used a

different approach to test this hypothesis: multiple

electrode recording of CSs from normal and con-

nexin36 knockout (Cx36KO) mice. The Cx36KO

mouse is useful, because although there are now

more than 20 identified members in the connexin

family, Cx36 appears to form the overwhelming

majority of neuronal gap junctions in the CNS,

including the IO, and conversely, is not present in

gap junctions formed between glial cells (17,18).

Moreover, anatomical studies indicate normal gap

junctions are absent in the IO of Cx36KO mice (19),

and recordings of IO neurons in vitro from Cx36KO

mice have shown that these cells lack electrical

coupling (or at most are very weakly coupled relative

to IO cells of Wt mice), and that the subthreshold

oscillations of their membrane potentials are not

synchronized, which contrasts with the case in Wts

(5).

We obtained recordings from these mice to test

whether CS synchrony is lost in the absence of IO

neuronal electrical coupling, and whether the

climbing fiber reflex, which has been attributed to

electrical coupling of IO neurons, is truly dependent

on this coupling. Zebrin II staining of the cerebellar

cortex and anterograde tracing were also carried out

in order to characterize the topographic organization

of the olivocerebellar pathway in the Cx36KO

mouse and to assess whether the physiological

differences observed between the Cx36KO and Wt

mice reflected anatomic factors other than loss of

gap junction coupling of IO neurons.

Materials and methods

Experiments were carried out in accordance with the

National Institutes of Health guidelines for the care

and use of laboratory animals. Experimental proto-

cols were approved by the IACUC committee of

New York University School of Medicine.

Recordings were obtained from Wt and Cx36KO

mice derived from the C57BL6 strain. Cx36 KOs

were generated and genotyped as described pre-

viously (20).

Surgical preparation and electrode implantation

Six- to twelve-month-old mice were anesthetized

with an initial intraperitoneal injection of ketamine

(100 mg/kg) and xylazine (8mg/kg); supplementary

doses were administered as needed starting 1–2

hours after the initial dose. A tracheal tube was

inserted to allow mechanical ventilation and

delivery of supplemental oxygen. Body temperature

was monitored with a rectal thermometer and

maintained at ,37˚ C by means of a heating pad.

The animal was placed in a stereotaxic apparatus

and a ground screw was inserted into the skull over

the cerebral cortex on the side contralateral to the

recording area. Recordings were made of sponta-

neous and evoked CS activity from lobules crus 2a

and 2b. To access these areas, the skin, muscle, bone

and dura over the cerebellum were removed, and a

platform was cemented in place over the cerebellum.

The platform, an electron microscope grid encased

in silicone rubber and fixed to tungsten rods, guided

electrode placement and served to hold the

electrodes in place after their release from the

manipulator. Glass microelectrodes (,2 mm tip;

1:1 NaCl:glycerol) were individually attached to

a joystick-controlled 3-axis micromanipulator

(Marzhauzer, Germany) by a wax droplet and

inserted through the grid. When CS activity was

isolated in the molecular layer, approximately 50 mm
below the cortical surface, the wax was melted in

order to release the electrode, which was thereafter

held in place by the silicon rubber. Electrodes were

spaced ,250 mm apart to form arrays of up to 9

rostrocaudal columns and 3 mediolateral rows.

Recording of spontaneous CS activity

CSs were recorded using a multichannel amplifier

system (MultiChannel Systems, Germany), which

consisted of 128 amplifier channels (total gain

1000x) with bandpass filters of 0.1 Hz–8 kHz, and

a per channel sampling rate of 25 kHz. The

electrical signals were digitally high pass filtered

using a cutoff frequency of 200 Hz using

MultiChannel Systems MCRack data acquisition

software. A voltage threshold (individually set for

each channel) was used to detect CSs. Thresholds

were set so as to detect the initial deflection of the

CS, which was treated as a single event. On

detection of a threshold crossing, the system

recorded the time and waveform of the voltage

record, which were then used for subsequent off-line

spike sorting and data analysis.

The MCRack software had oscilloscope and spike

event displays for monitoring activity. The latter

display comprised a grid onto which was mapped the

electrode array such that each box in the grid

corresponded to the relative location of an electrode

in the brain. Each box flashed when the voltage

threshold in its corresponding channel was crossed,

and thus allowed for simultaneous monitoring of

spike activity from the entire array. Recordings of

spontaneous activity were typically made for 20–

40 min periods.

Data analysis

All analyses were performed using procedures

custom-written by one of the authors (EJL) for use
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with IGOR analysis software (WaveMetrics, OR).

Statistical significance was assessed using 2-sided

Student’s paired t-tests, and mean values are

presented with their corresponding SE, unless

otherwise indicated.

To measure the relationship of activity in two

different cells, a cross-correlation function was

calculated as follows. The spike train of a cell

was represented by X(i), where i represents the

time step (i51, 2, ... , N). X(i)51 if the CS onset

occurs in the i time bin, otherwise X(i)50. Y(i) was

the same
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V ið ÞW i� tð Þf g
, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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XN
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as X(i), but for the reference cell. The cross-

correlation coefficient, C(t), was then calculated as:

where V(i) and W(i) are the normalized forms of

X(i) and Y(i), respectively.

A 1 ms time step was used, and thus for two spikes

to be considered synchronous, their onsets must

occur in the same 1 ms bin. The zero-time cross-

correlation coefficient, C(0), was defined as the

degree of synchrony between two cells.

To assess CS rhythmicity, normalized autocorrelo-

grams were computed for individual cells using the

above formula for C(t), with X and Y both represent-

ing the same spike train. A 5 ms time step was used.

Thus, the autocorrelogram values could range

between 1 and21, with the central peak always equal

to 1. These individual cell autocorrelograms were

averaged to obtain population autocorrelograms.

To assess the statistical significance of the

experimentally observed synchrony, new ‘data sets’

were generated by randomly shuffling the interspike

intervals of the real spike train of each cell in an

experiment. For each experiment, ten such sets of

shuffled spike trains were made for each cell, and

C(t) was determined for all pairs in a set.

Climbing fiber reflex experiments

The cerebellum was exposed, as described above;

however, instead of the recording platform, Gelfoam

soaked in Ringer’s solutions was used to cover the

cerebellar surface. A bipolar stimulating electrode

was inserted into the cerebellar white matter in the

lobule rostral to the desired recording area. Single

shocks (100 ms, 150–600 mA pulses) were delivered

every 2 s and evoked responses were recorded with a

single microelectrode. Electrical signals were fed into

one channel of the multichannel amplifier described

earlier.

Zebrin staining

Cx36KO and Wt mice were anesthetized with

Nembutal (75 mg/kg i.p.) and perfused transcardially

with phosphate-buffered saline (PBS; pH 7.4) and

4% paraformaldehyde in 0.1 M PB. Whole brains

were removed and post-fixed in perfusate for an

additional 2 h and subsequently rinsed and stored

overnight at 4˚C in 0.1 M PB, pH 7.4, containing

10% sucrose. The brainstem and cerebellum were

embedded in 10% gelatin and 10% sucrose. Tissues

were fixed in 10% formaldehyde and 30% sucrose

solution at room temperature for 2 hours. Serial

sections of 40 mm were cut on a cryo-modified sliding

microtome (Leica SM2000R) and collected in vials

containing 0.1 M PB. The vials were rinsed in PBS

and incubated, free floating, for 48 h in anti-Zebrin II

(1:150, kindly provided by Dr. R. Hawkes, Calgary,

Canada) containing 2% NHS and 0.5% Triton in

PBS at 4˚C. After rinsing in PBS, sections were

incubated for 2 h in rabbit anti mouse HRP (1:150,

p260 Dako) in PBS, containing 2% NHS and 0.5%

Triton. Subsequently, sections were thoroughly

rinsed in 0.05 M PB and incubated in a DAB staining

for 15–20 min and rinsed in 0.05 M PB. All sections

were mounted on slides in a chromic alum solution,

air-dried, and counterstained with thionin.

Subsequently, slides were dehydrated in graded

alcohol and xylene and coverslipped with Permount.

Intraolivary BDA-injections

Cx36KO and Wt mice were anesthetized with a

ketamine/xylazine mixture (65 mg/kg and 10 mg/kg,

respectively) administered intraperitoneally. The

body temperature was monitored and kept at

,37˚C using a heating pad. After surgery, the

ventral surface of the medulla oblongata was

exposed for exploration of the IO. Subsequently a

recording pipette was filled with 10% BDA-10,000

MW (Molecular Probes, Leiden, The Netherlands),

positioned in the IO and multiple iontophoretic

injections were made using a constant positive

current (8 mA; 7 seconds on/off cycle for 10 min).

After 5–7 days the mice were deeply anesthetized

with Nembutal (75 mg/kg i.p.) and perfused trans-

cardially with phosphate-buffered saline (PBS;

pH 7.4) and 4% paraformaldehyde in 0.1 M PB.

Brains were removed and post-fixed in perfusate for

an additional 1 h and subsequently rinsed and stored

overnight at 4˚C in 0.1 M PB, pH 7.4, containing

10% sucrose. The brainstem and cerebellum were

embedded in 10% gelatin and 10% sucrose. Tissues

were fixed in 10% formaldehyde and 30% sucrose

solution at room temperature for 2 h. Serial sections

of 40 mm were cut on a cryo-modified sliding

microtome (Leica SM2000R) and collected in vials

containing 0.1 M PB. Sections containing the

BDA injection sites were incubated overnight at

4˚C in avidin-biotin-peroxidase complex (Vector
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Laboratories, Inc., Burlingame, CA), rinsed again,

and finally incubated in DAB (75 mg/100 ml) and

0.02% Cobalt chloride. The reaction was stopped

after 15 min by rinsing in PB. In order to identify the

climbing fibers within their zonal projections, a

Zebrin staining protocol was applied as above.

Results

CS synchrony is reduced in Cx36KOs compared to Wts

Extracellular CSs were recorded from groups of crus

2 Purkinje cells in Wts (n59 animals, 105 cells,

484 cell pairs) and in Cx36KOs (n56 animals,

37 cells, 112 cell pairs). CS activity was recorded

from both Wt and Cx36KO mice at depths of

,50 mm from the folial surface, and typically

consisted of a high frequency burst with a

large initial negative-going deflection followed by

2–3 smaller spikes riding on a slow positivity

(Figure 1).

The role of Cx36 gap junctions in mediating CS

synchrony patterns was assessed using multiple

electrode arrays to record CSs from groups of

Purkinje cells in Wts and Cx36KOs. Typical results

for a Wt and Cx36KO are shown in figure 2A1, in

which the synchrony distribution relative to a master

reference cell ‘M’ is presented in each bubble graph.

Here, each circle shows the position of a recorded

cell relative to cell M, and its area corresponds to the

degree of synchrony between the cell at that location

and cell M. In the Wt, cell M’s activity is more

strongly synchronized with the activity of its neigh-

bors (0–250 mm) than with the activity of cells at

greater mediolateral distances from it, consistent

with previous findings in other species (21). The

rapid reduction in synchrony with mediolateral

distance combined with a much lesser decrease with

distance in the rostrocaudal direction leads to a

rostrocaudal banding pattern, such as demonstrated

by the Wt bubble graph of Figure 2A1. Although the

sharpness of the banding pattern varies with choice

Figure 1. Complex spikes have similar waveforms in Wts and

Cx36KOs. (A,B) Extracellular recording of CSs from crus 2a in a

Wt (A) and Cx36KO (B) mouse. In each panel 10 overlapped

traces are shown. Note the typical waveform in both cases: a large

initial negativity followed by smaller wavelets riding on a slow

positivity.

Figure 2. Comparison of CS synchrony distribution in the Wt and Cx36KO. (A1) Bubble plots show the relative positions of electrodes in

the recording array from one Wt and one Cx36KO experiment. The area of each bubble corresponds to the degree of synchrony between

that cell and the reference cell (labeled ‘M’). Note the high synchrony surrounding cell M in the Wt but not in the Cx36KO. (A2) Graph of

average CS synchrony values between all cell pairs plotted as a function of mediolateral separation between cells for Wts (filled circles) and

Cx36KOs (open circles). All cell pairs from 9 animals (Wt) and 6 animals (Cx36KO) were used to calculate averages. Error bars are SE.

The number of cell pairs at each separation is as follows: for Wts, 0 mm559; 250 mm5154 pairs; 500 mm5120 pairs; 750 mm583 pairs;

1000 mm541 pairs; 1250 mm520 pairs; 1500 mm54 pairs; 1750 mm51 pair; 2000 mm52 pairs; for Cx36KOs, 0 mm, n512 pairs; 250 mm,

n542 pairs; 500 mm, n526 pairs; 750 mm, n516 pairs; 1000 mm, n58 pairs; 1250 mm, n54 pairs; 1500 mm, n51 pair; 1750 mm, n52 pair;

2000 mm, n51 pair. (B) Comparison of synchrony levels in Wts (B1) and Cx36KOs (B2) to synchrony levels calculated from pairs of

randomized spike trains. Synchrony curves for Wt and Cx36KO spike trains are replotted from A2 using filled circles and solid lines in B1

and B2, respectively. Synchrony values (95th percentile) from the randomized data values are plotted with open circles and dotted lines.
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of reference cell, plots of average synchrony as a

function mediolateral separation between cells show

that these bands are the dominant pattern

(Figure 2A2, filled circles). That is, ML synchrony

curves in Wts were highest at small separation

distances and dropped for larger separations. Note

that the Wt curve in Figure 2A2 was generated from

all recorded cell pairs from all Wt experiments (n59

animals, 105 cells, 484 pairs).

In contrast to the Wt, a rostrocaudal banding

pattern was not found in Cx36KO mice. Indeed, as

shown by the example in figure 2A1, Cx36KO mice

had much lower levels of CS synchrony compared to

Wt animals. This reduced level of CS synchrony was

confirmed by generating a mediolateral synchrony

curve using all of the Cx36KO cell pairs from 6

experiments (37 cells, 112 pairs). Comparison of

their mediolateral synchrony curves shows that

there was significantly less CS synchrony in

Cx36KOs than in Wts (Figure 2A2, open circles

versus closed circles).

This difference, however, does not necessarily

imply that the Cx36KOs have no statistically

significant synchronization of CS activity. Indeed,

while the absolute levels are low, they are above

zero. On the other hand, because our data sets are

finite, some degree of correlation arises because of

the periodicity of CS activity. To determine the

statistical significance of the CS synchrony levels

in the Cx36KOs, each cell’s spike train was

converted to a series of interspike intervals (ISIs)

that were randomly shuffled and reassembled to

form a randomized spike train with the same set of

primary ISIs. Ten such randomized datasets were

generated from each experiment. These datasets

were used to calculate synchrony values between

cells. The synchrony values from all datasets of

the same experimental type (i.e., Wt or Cx36KO)

were combined and grouped according to medio-

lateral separation between cells. Both distributions

had means that were not statistically different

from zero (Wt, 1.861026¡1.161025, n55750

pairs; Cx36KO, 6.761025¡2.061025, n51120

pairs). The 95th percentile value for each

separation distance is plotted for the randomized

Wt and Cx36KO data pairs in figures 2B1 and 2B2,

respectively, which for comparison also replot

the true data curves from panel A2 (filled circles).

For the Cx36KO, the randomized and CS data

curves are similar in value, whereas for the Wts,

the CS data curve is significantly above the

randomized curve. In addition, note that in both

cases the randomized curves are flat in comparison

to the Wt data curve, which decreases with

distance.

Wt and Cx36KO mice show rhythmic ,10 Hz CS

activity but have a lower average firing rate

To investigate the dependence of IO excitability

and CS rhythmicity on coupling between IO

neurons, we compared the firing rates and auto-

correlogram characteristics of Wt and Cx36KO CSs.

The average CS firing rate in the Cx36KO

(0.41¡0.04 Hz) was half that observed in the Wt

(0.82¡0.04 Hz; p52.5610212). Additionally, the

Wt firing rates had a broader range than the

Cx36KO (Wt: 0.12–1.75 Hz; Cx36KO: 0.10–

0.94 Hz; Figure 3).

Autocorrelograms of Wt and Cx36KO CSs

revealed that in 6/8 Wt experiments and 4/6

Cx36KO experiments, rhythmic CS activity was

present (Figure 4). The level of rhythmicity varied

somewhat between experiments for both Wt and

Cx36KOs, as shown by the examples in Figure 4;

however, the strongest rhythmicity was observed in

Cx36KOs (compare Figure 4A2 and 4B2). Wt

oscillation frequencies had a slightly lower range

than that of the Cx36KO (Wt: 6.57–10.26 Hz;

Cx36KO: 8.16–14.80 Hz), but the mean oscillation

frequency for Wts and Cx36KOs were not statisti-

cally different (Wt, 9.19¡0.50; Cx36KO,

9.77¡0.71; p50.51).

The climbing fiber reflex is mediated by olivary gap

junctions

Stimulation of the cerebellar white matter elicits two

CS responses in PCs: a short latency, direct response

due to direct activation of the climbing fiber, and a

longer latency, reflex response that is due to

antidromic invasion of the IO (22). Following

demonstration of electrical coupling between IO

neurons, this longer latency response has been

presumed to be generated by current flow through

gap junctions (3). The Cx36KO provides an

opportunity to test this proposed mechanism

because electrical coupling between IO neurons is

nearly absent in these mice (5).

Figure 3. Cx36KOs display lower CS firing rates than Wts. CS

average firing rate distributions for the Wt and Cx36KO cells.

Each marker shows the value for one cell.
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Thus, responses evoked in Wt and Cx36KOs by

cerebellar white matter stimulation were com-

pared. In Wts, stimulation often evoked both direct

(filled triangle) and reflex (open triangle) responses

(Figure 5A1). In contrast, in Cx36KOs only direct

responses could be elicited (Figure 5A2), with a

single exception. To verify that the absence of

reflex responses in the Cx36KOs did not

represent a sampling artifact, the spatial extent

and overlap of the stimulus evoked responses in

crus 2 were determined. Figure 5B compares the

response distributions in a Wt and Cx36KO mouse

to a similarly placed stimulation electrode (indi-

cated by ‘X’). In the Wt, direct and reflex

responses both occurred in a region starting at

the parasagittal plane of the stimulus electrode and

extending lateral for ,600 mm (Figure 5B1, B2).

In the Cx36KO, direct responses were elicited

from similar sites to those in the Wt (Figure 5C1),

but no reflex responses were observed

(Figure 5C2).

In different experiments the placement of the

stimulus electrode was varied so as to test the

response distribution across crus 2. In Wts,

the reflex response distribution reflected the

position of the stimulus electrode (Figure 6A, B).

In the Cx36KOs, only one reflex response was

detected (Figure 6C, indicated by ‘*’) despite

testing cortical areas that corresponded to those

tested in Wts.

In total, Wts showed reflex responses in 56% of

cells (n535/62 cells, 10 animals), whereas in

Cx36KOs only 3% of cells (n51/36 cells, 3 animals)

showed a reflex response. In Wt mice, reflex

responses were present with (30 cells) or without

(5 cells) direct responses. Moreover, of the 31 cells

that had direct responses, 30 (97%) had reflex

responses. In contrast, in the Cx36KO mice, 12 cells

Figure 5. CF reflex responses in Wt and Cx36KOmice. (A) Extracellular traces of evoked responses to cerebellar white matter stimulation.

In the Wt (A1), cerebellar white matter stimulation elicits a reflex response at ,10 ms (open arrowhead), which is mediated by

electrotonically coupled IO neurons; this response is absent in the Cx36KO (A2). In contrast, both populations exhibit short-latency

responses (A1 and 2, filled arrowhead), which are mediated by climbing fiber collaterals and are independent of IO coupling. Ten

overlapped traces each. (B,C) Comparison of short latency and CF reflex distributions in the Wt and Cx36KO. In the Wt, short-latency

(B1) and CF reflex responses (B2) co-occur in a limited area predominantly lateral to the stimulation site. A similar pattern of short-latency

responses is observed in the Cx36KO (C1), but the CF reflex response is absent in this animal (C2). Left column: *5short-latency response;

l5no short-latency response. Right column: *5CF reflex response; l5no CF reflex response.

Figure 4. Rhythmic CS activity in Wt and Cx36KO mice.

Normalized population autocorrelograms of CS activity from

two Wt mice (A1: n58 cells; A2: n513 cells) and two Cx36KO

mice (B1, 2: n55 cells each). Peaks in the autocorrelograms

indicate the presence of , 10 Hz rhythmic CS activity in both the

Wt and Cx36KO.
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showed direct responses, but only one cell showed a

reflex response (8%).

Zonal organization is not affected by elimination of gap

junctions

The cerebellar cortex is divided into different

cortical zones defined by olivo-cortico-nuclear-con-

nections. This zonal organization can be determined

by specific biochemical markers that correlate the

organization of cortical zones to their distribution in

the cerebellar cortex. One of these markers, Zebrin

II (Aldolase C), is confined to a specific subset of

Purkinje cells, resulting in a parasagittal pattern in

the cerebellar cortex. Immunolabeling against

Zebrin II provides a highly reproducible and con-

sistent staining. Thus, we compared this labeling

pattern in Wt (n52) and Cx36KO (n52) mice to

determine whether absence of gap junctions would

affect this zonal organization. In Wt cerebellum,

immunolabeling showed a distinctive strip-like pat-

tern with labeled and non-labeled areas, which are

called P+ and P2 respectively. Labeling was

restricted to the cerebellar cortex (Figure 7A). The

same general labeling pattern was found in Cx36KO

cerebellum (Figure 7B). Moreover, the distribution

of parasagittal bands in the cerebellar cortex of the

Cx36KO was identical to that in Wt. This similarity

was confirmed for both vermal and hemispheric

portions of all cerebellar lobules. This similarity in

zebrin-positive and negative bands indicates that the

zonal compartmentation is not affected in Cx36KO

mice.

Because the organization of cortical zones in

Cx36KO and Wt mice are equivalent, climbing fiber

projections can be compared with the use of

anterograde tracers such as BDA. Intra-olivary

BDA injections were made in Wt (n53) and

Cx36KO (n52) animals. One injection was made

per animal, and the specific injection sites are

superimposed on the schematics shown in

Figure 8A1–2. The extent of each injection is shown

by one set of colored circles. Intra-olivary BDA

injections result in labeling of contralateral climbing

fibers which project to a specific area within the

cerebellar cortex (Figures 8A and B). Groups of

Figure 6. CF reflex response distribution in the mouse. (A,B) CS responses to white matter stimulation in Wt mice are distributed within a

parasagittal band positioned slightly lateral to the stimulation site. (A) Distribution of recording sites in crus 2a and b from 3 Wts in which

the stimulation electrode ( ) was placed at the same location, near the middle of crus 1. An asterisk indicates that CF reflex and short-

latency responses were elicited at that recording site. l5no response. (B) Same as A, except that recordings were from 3 additional animals

in which the stimulation electrode was placed more medially on crus 1. (C) Distribution of recording sites in crus 2a and b from two

Cx36KOs in which the stimulation electrode was placed near the middle of crus 1. l5short-latency responses only. (D) Same as C, except

responses obtained for cells from two additional animals in which the stimulus electrode was placed more medially on crus 1. One cell

showed both short latency and reflex responses (indicated by the asterisk).
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labeled climbing fibers arising from the same local

IO region remain confined to essentially the same

zebrin areas in Wt (Figure 8B) and Cx36KO

(Figure 8C) mice. This finding suggests that climb-

ing fiber projections in Cx36KO mice appear to have

the same zonal organization as in Wt mice.

Therefore, it can be concluded that Cx36KO mice

show no obvious anatomical differences compared

with Wt mice. Any physiological differences are thus

likely the direct result of absent electrical coupling

among IO neurons, rather than structural alterations

within the olivocerebellar circuit.

Discussion

The present study used a Cx36KO mouse model to

investigate the importance of IO gap junctions for

the anatomical and physiological organization of the

olivocerebellar system. The results indicate that

Cx36KOs have a topographically normal olivocer-

ebellar projection and a normal cerebellar cortical

organization, but that the activity of this system is

significantly altered by the loss of electrical coupling

between IO neurons. In the Cx36KO, CS syn-

chrony, which was observed in the Wt, was absent;

average CS firing rates were reduced; and rhythmic

CS activity was present. Lastly, the climbing fiber

reflex was absent in the Cx36KOs. The implications

of these findings are discussed below.

Electrical coupling of IO neurons underlies CS synchrony

Synchronous CS activity has been demonstrated in

several species, including rat, guinea pig, and rabbit

(6,8,21,23). The present findings extend this list to

include mice. In each case, CS synchrony levels are

highest among Purkinje cells located within the

same parasagittally-oriented, 250–500 mm-wide

strip of cortex. These strips are not limited to the

folial apex, but can extend down the folial wall (24).

This spatial distribution, in part, reflects the fact

that the neurons of each small region of the IO

project to a specific longitudinally oriented strip of

cerebellar cortex (25). It also reflects the uniform

conduction time of the olivocerebellar system to

essentially all parts of the cortex as a result of

differential myelination of olivary axons (24,26–

28). There is, however, a large dynamic component

to this distribution, as dramatic changes in the

synchrony distribution result from blocking synap-

tic input to the IO (13–15), and synchrony

distribution changes are also associated with volun-

tary movement (9).

The mechanism by which activity of olivary

neurons is synchronized is the fundamental issue

addressed in the present study. Ultrastructural

studies indicate that the IO contains one of the

richest neuronal gap junction networks in the adult

CNS (2,29). Electrical coupling of IO neurons has

also been demonstrated (3,11). Moreover, olivary

Figure 7. Cerebellar zonation patterns as revealed by zebrin II staining of Purkinje cells are indistinguishable amongWt and Cx36KOmice.

(A) Zebrin stained Purkinje cell zones in a Wt mouse. (A1) Coronal section showing the brainstem and the posterior lobe (vermis and

hemispheres) of the cerebellum. Lobules 6 to 9 are indicated by VI-IX. (A2) Higher magnification view of vermis portion. Zebrin II positive

(P+) and negative (P2) zones are indicated. P1+ corresponds to the midline area. (B) Overview of zebrin stained Purkinje cell zones in the

posterior lobe and hemispheres of a Cx36KO. Similar levels of cerebellar cortex as were shown for Wt in A. The similarity in labeling

pattern to that of the Wt indicates that the zonal organization of the cerebellar Purkinje cells is not affected by a lack of Cx36 in the IO. Scale

bars indicate 500 mm; IO indicates inferior olive.
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Figure 8. Cerebellar zonation patterns as revealed by anterograde tracing of olivary climbing fibers are indistinguishable among Wt and

Cx36KO mice. (A) Top panels, schematic drawings of BDA injection sites in the inferior olive in Wt mice (A1) and Cx36KO mice (A2).

The diameters of the circles’ areas reflect the size of the injection sites within the respective subnuclei. Each set of colored circles

corresponds to one injection in one animal. Bottom panels, photographs of BDA injections in the medial accessory olive (MAO); insets

show examples of individual olivary neurons that took up BDA in the areas bordering the core of the injection site. (B) Anterograde labeling

of climbing fibers in Wt mice (B1) and Cx36KO mice (B2) at lower (top panels) and higher (lower panels) magnifications. In these

examples the labeled climbing fibers are in both wild types and Cx36KOmice restricted to zones that are positively labeled for zebrin II. (C)

Lower and higher (insets) magnifications of BDA labeled climbing fiber collaterals in the cerebellar nuclei. Abbreviations: PO, principal

olive; DAO, dorsal accessory olive; AIN, anterior interposed nucleus; LCN, lateral cerebellar nucleus; DLH, dorsolateral hump (Scale bar

in A1 indicates 100 mm; scale bar in C1 indicates 20 mm).
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neurons are almost all projection cells that do not

have local axon collaterals (30,31). These observa-

tions leave two major choices for the cause of

synchronous CS activity: electrical coupling of IO

neurons by gap junctions and synchronized activity

in IO afferents. The latter possibility has been mostly

ruled out by studies which demonstrated the

continued presence of CS synchrony following block

of the major excitatory (glutamate) and inhibitory

(GABA) inputs to the IO (13–15).

In contrast, the present results support the first

possibility, namely that synchronous CS activity

requires electrical coupling of IO neurons. Our

results are consistent with previous studies that

investigated this issue. For example, the density of

gap junctions, as judged by the presence of lamellar

bodies, in the set of IO regions that project to the

flocculus was correlated with the level of CS

synchrony in corresponding parts of the flocculus

(32). Also, in vitro studies of IO neurons from

Cx36KO mice showed that subthreshold oscilla-

tions in neighboring cells, which are in phase in

normal animals, are not so in the knockout (5).

Moreover, pharmacological block of IO gap junc-

tions by local injections of carbenoxolone were

shown to reduce or eliminate CS synchrony (16).

Most recently, a lentiviral approach was used to

show that disrupting Cx36 gap junctions led to a

decrease in dye coupling of IO neurons (12). While

objections may be raised against each of these

approaches, taken together they reinforce the

common conclusion that CS synchrony is a result

of IO gap junction coupling.

Given the demonstration of CS synchrony in

several different species by several laboratories, as

noted above, the findings of an extremely low level of

‘loose’ CS synchrony that is inconsistent with an

electrotonic coupling mechanism in mice and of no

difference in synchrony levels between Wt and

Cx36KOmice reported previously (33) is surprising,

and is contradicted by the present findings. The

findings of Kistler et al (33) are also inconsistent

with in vitro recordings of IO neurons, which

showed precise (on a millisecond timescale) correla-

tion of spikes in neighboring IO neurons in Wt, but

not Cx36KO, mice (5). The findings of Kistler et al.

(2002) are even more surprising given that uniform

olivocerebellar conduction times have been observed

in such widely separated vertebrates as turtles and

rats (24,28), because it suggests that precise timing

of CS activity is a highly conserved feature of the

olivocerebellar system throughout vertebrate evolu-

tion. These previous results may be explained by the

fact that the recordings were obtained using only

pairs of electrodes, rather than arrays (33). Given the

sampling procedure used, and the narrowness of the

synchrony bands, relatively few pairs would have

shown significant levels of synchrony, and they may

have been missed. A second possible contributing

factor is that CS synchrony levels in the mouse

indeed appear to be somewhat lower than is typically

found in rats. Whether this represents a true species

difference or simply a difference in the state of the

preparation is not clear (mice tolerated the multiple

electrode recording procedures less well than do

rats). In this context, it is worth noting that any

damage to the cerebellar cortex will likely lead to

increased cerebellar nuclear activity, which in turn

would increase GABA levels in the IO and thereby

cause a reduction in CS synchrony. Thus at the

least, the lower overall levels make observation of

synchronous CS activity with electrode pairs more

difficult and require more precise alignment of

electrodes for its detection.

Electrical coupling is a determinant of IO excitability and

rhythmicity

The average CS spike firing rate of Cx36KOs was

approximately half that of Wts, and roughly half

that of the 1 Hz spontaneous rate typically

reported for normal animals. This finding suggests

that gap junction coupling plays a major role in

setting the excitability of IO neurons, and that

current flow through gap junctions is responsible

for about half of the spontaneous CS activity.

This suggestion is consistent with several recent

findings. Acute pharmacological block of gap

junctions also led to a similar reduction in

spontaneous CS firing rates (16). Moreover,

spontaneous CS activity, while reduced, remains

following block of major excitatory and inhibitory

afferents to the IO (14,15).

Our results also suggest that electrical coupling

may not be necessary for oscillatory behavior, but

this is an issue in which there is much conflicting

data, and one which will require further study.

Cx36KOs had CS activity that was at least as

rhythmic as that found in Wts. This result is

somewhat in contradiction to our previous result

that acute pharmacological block of IO gap junctions

with carbenoxolone reduced or abolished rhythmic

CS activity (16). Moreover, in that study, the degree

of reduction in a cell’s rhythmic activity was highly

correlated with the loss of synchrony it experienced

(16). One possible explanation of these divergent

results is that carbenoxolone blocked ionic conduc-

tances in addition to blocking gap junctions; how-

ever, this possibility is unlikely, as two different

groups have reported that carbenoxolone does not

affect the major membrane conductances of IO

neurons, most notably their Ca2+ conductances (34–

37). One alternative is that some compensatory

changes in the IO neurons of Cx36KOs allows them

to continue generating oscillatory activity, despite

their lack of coupling (19).

Other, mostly in vitro, studies have also reached

divergent conclusions on the role of gap junctions in
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determining rhythmic IO activity. These studies

have primarily focused on the subthreshold oscilla-

tions that IO neurons can display in slices.

Modeling, developmental, and physiological studies

have led investigators to suggest that subthreshold

oscillations are a population phenomena requiring

gap junction coupling for its expression (4), (38–40).

However, consistent with our present results, in vitro

recordings from Cx36KOs showed that IO neurons

from these mice displayed subthreshold oscillations,

suggesting that individual IO neurons could act as

independent oscillators (41). It was suggested,

however, that subthreshold oscillations occur in

Cx36KO IO neurons, despite their lack of coupling,

because the membrane properties of these cells are

altered as a compensatory response to the mutation

(19). But it is not clear that the observed changes,

increased input resistance and generation of low

threshold Ca2+ spikes during hyperpolarizing current

pulses, are not simply the direct consequence of the

loss of electrical coupling, rather than compensatory

changes in the composition or density of membrane

channels. In fact, after application of gap junction

blockers normal rat IO neurons in vitro are still

capable of generating subthreshold oscillations and

of generating Ca2+ spikes during a hyperpolarizing

current pulse (34,36). Other investigators, however,

have found that subthreshold oscillations are greatly

diminished by application of carbenoxolone or

disruption of gap junctions using a lentiviral vector

to cause expression of mutated nonfunctional con-

nexin36 (12). In sum, while it seems clear that

electrical coupling will act to constrain the oscilla-

tory behavior of IO neurons, it is difficult to reach a

definite conclusion about their absolute requirement

from the above data.

Climbing fiber reflex responses are triggered by currents

flowing through gap junctions

The climbing fiber reflex was first described by

Eccles et al. in 1966, who reported that cerebellar

white matter (juxtafastigial) stimulation could elicit

not only a short latency CS response due to evoked

action potentials traveling a purely axonal, intracer-

ebellar route, but also a longer latency reflex CS

response. Those authors speculated that the reflex

response was due to a synaptic activation of IO cells

either by climbing fiber or mossy fiber collaterals

(22). Subsequently, however, electrical coupling of

IO cells, rather than synaptic excitation, was

implicated as the most likely underlying mechanism

for reflex responses by both the discovery of gap

junctions between IO cells and the demonstration

that juxtafastigial stimulation evoked a gap junction

mediated, ‘short-latency depolarization’ in IO cells,

which could trigger spikes in IO cells (2,3).

The latter interpretation is also consistent with the

facts that there appear to be no intra-IO collaterals

from olivocerebellar axons (30), and that reflex

responses still can be elicited following intra-IO

injection of glutamate and GABA receptor antago-

nists (14,15). Moreover, reflex responses disappear

following intra-IO injection of carbenoxolone (16).

In sum, it is clear that the climbing fiber reflex

does not require chemical synaptic transmission.

Thus, when the stimulus evokes only a reflex

response in a Purkinje cell, the reflex response must

be the result of the Purkinje cell’s IO cell (i.e., the IO

cell whose axon synapses onto that Purkinje cell)

being excited by current flowing through gap

junctions from neighboring IO cells. That is,

antidromic spikes elicited in the axons of other IO

cells result in a depolarization of these cells, which

then spreads, via gap junctions, to non-antidromi-

cally excited cells and excites them to fire ortho-

dromic spikes that return to the cerebellum and

generate reflex responses.

However, when both short-latency and reflex

responses are observed, as is often the case, an

alternative mechanism may be considered for the

reflex response generation. Namely, the short-

latency response implies that the climbing fiber was

antidromically activated, and when this spike

reaches the IO cell it may produce a high-threshold

Ca2+ spike in its dendrites that could in turn lead

directly to orthodromic spikes returning to the

cerebellum. That is, there is simply a reflection of

the antidromic spike into an orthodromic spike

within the same cell. Intracellular recording from

IO cells provides some evidence against this self-

excitation possibility, and for the gap junction

mechanism (3). Juxtafastigial stimulation was used

to evoke antidromic activation of an IO cell, but at

the same time a depolarizing current was injected

into the cell triggering an orthodromic spike, which

collided with the antidromic one. By annihilating the

antidromic spike a gap junction mediated depolar-

ization was revealed, and was shown to be able to

trigger orthodromic spikes. Thus, even in antidro-

mically invaded IO cells, the reflex response can be

driven via gap junction mediated excitation.

Nevertheless, the above results do not rule out the

possibility that the antidromic spike could trigger

reflex responses if allowed to backpropagate into the

soma and dendrites. The present results, however,

strongly indicate that this possibility occurs rarely, if

at all. That is, in the Cx36KOs the short-latency

response was found in many cells, but the reflex

response was, with one exception, never found.

Because electrical coupling among IO neurons is not

completely absent in the Cx36KO (5), this sole

exception still likely represents excitation via gap

junctions; however, the backpropagation mechanism

may also be an explanation. Nevertheless, given the

singularity of this exception, we conclude antidromic

invasion does not normally lead to a secondary

orthodromic response in IO cells from Cx36KOs.
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We may extend this conclusion to normal animals by

noting that IO cells in Cx36KO mice appear to have

the same membrane conductances as normal IO

cells or may in fact be somewhat more excitable than

normal because of their increased input resistance

(5,19), and thus should have exhibited reflex

responses had backpropagation been a significant

underlying mechanism.
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Degen J, Söhl G, et al. Visual transmission deficits in mice

with targeted disruption of the gap junction gene connexin36.

J Neurosci. 2001;21:6036–44.

21. Sasaki K, Bower JM, Llinás R. Multiple Purkinje cell

recording in rodent cerebellar cortex. Eur J Neurosci.

1989;1:572–86.

22. Eccles JC, Llinás R, Sasaki K. The excitatory synaptic action

of climbing fibers on the Purkinje cells of the cerebellum. J

Physiol (Lond). 1966;182:268–96.

23. Wylie DR, De Zeeuw CI, Simpson JI. Temporal relations of

the complex spike activity of Purkinje cell pairs in the

vestibulocerebellum of rabbits. J Neurosci. 1995;15:2875–87.

24. Sugihara I, Lang EJ, Llinás R. Uniform olivocerebellar

conduction time underlies Purkinje cell complex spike

synchronicity in the rat cerebellum. J Physiol (Lond).

1993;470:243–71.

25. Sugihara I, Marshall SP, Lang EJ. Relationship of complex

spike synchrony bands and climbing fiber projection deter-

mined by reference to aldolase C compartments in crus IIa of

the rat cerebellar cortex. J Comp Neurol. 2007, in press.

26. Lang EJ, Rosenbluth J. Role of myelination in the develop-

ment of a uniform olivocerebellar conduction time. J

Neurophysiol. 2003;89:2259–70.

27. Lang EJ, Llinás R, Sugihara I. Isochrony in the olivocerebellar

system underlies complex spike synchrony. J Physiol (Lond).

2006;573:277–9.

28. Ariel M. Latencies of climbing fiber inputs to turtle cerebellar

cortex. J Neurophysiol. 2005;93:1042–54.

29. De Zeeuw CI, Holstege JC, Ruigrok TJH, Voogd J.

Ultrastructural study of the GABAergic, cerebellar, and

mesodiencephalic innervation of the cat medial accessory

olive: Anterograde tracing combined with immunocytochem-

istry. J Comp Neurol. 1989;284:12–35.

30. De Zeeuw CI, Lang EJ, Sugihara I, Ruigrok TJH,

Eisenman LM, Mugnaini E, et al. Morphological correlates

of bilateral synchrony in the rat cerebellar cortex. J Neurosci.

1996;16:3412–26.

31. Fredette BJ, Adams JC, Mugnaini E. GABAergic neurons in

the mammalian inferior olive and ventral medulla detected by

glutamate decarboxylase immunocytochemistry. J Comp

Neurol. 1992;321:501–14.

32. De Zeeuw CI, Koekkoek SKE, Wylie DRW, Simpson JI.

Association between dendritic lamellar bodies and complex

spike synchrony in the olivocerebellar system. J Neurophysiol.

1997;77:1747–58.

33. Kistler WM, De Jeu MTG, Elgersma Y, van der Giessen RS,

Hensbroek R, Luo C, et al. Analysis of Cx36 knockout does

not support tenet that olivary gap junctions are required for

complex spike synchronization and normal motor perfor-

mance. Ann NY Acad Sci. 2002;978:391–404.

298 S. P. Marshall et al.



34. Leznik E. Spatio-temporal characteristics of oscillatory

patterns in the inferior olivary nucleus. New York: New

York University, School of Medicine; 2004.

35. Leznik E, Llinás R. Role of gap junctions in generating and

synchronizing oscillations in the inferior olivary nucleus. Soc

Neurosci Abstr. 2003: 274.12.

36. Leznik E, Llinás R. Role of gap junctions in synchronized

neuronal oscillations in the inferior olive. J Neurophysiol.

2005;94:2447–56.

37. Placantonakis DG, Bukovsky AA, Zeng X-H, Kiem H-P,

Welsh JP. Fundamental role of inferior olive connexin 36 in

muscle coherence during tremor. Proc Natl Acad Sci USA.

2004;101:7164–9.

38. Yarom Y. Rhythmogenesis in a hybrid system – interconnect-

ing an olivary neuron to an analog network of coupled

oscillators. Neuroscience. 1991;44:263–75.

39. Bleasel AF, Pettigrew AG. Development and properties of

spontaneous oscillations of the membrane potential in inferior

olivary neurons in the rat. Dev Brain Res. 1992;65:43–50.

40. Manor Y, Rinzel J, Segev I, Yarom Y. Low-amplitude

oscillations in the inferior olive: A model based on electrical

coupling of neurons with heterogeneous channel densities. J

Neurophysiol. 1997;77:2736–52.

41. Long MA, Cruikshank SJ, Jutras MJ, Connors BW. Abrupt

maturation of a spike-synchronizing mechanism in neocortex.

J Neurosci. 2005;25:7309–16.

IO gap junctions underlie complex spike synchrony 299



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [7200.000 7200.000]
>> setpagedevice


